This study developed and applied an approach to calculate the proportion of fish gut content 16 composed of mucus secreted by the oropharyngeal cavity and gut. The amount of nitrogen in the 17 contents of the foregut (esophagus and gizzard) and the epibranchial organs of suspension-18 feeding American gizzard shad Dorosoma cepedianum was significantly higher than the nitrogen 19 in the homogeneous food source. Using data collected from suspension-feeding experiments and 20 the nitrogen content of D. cepedianum mucus, a series of equations illustrated that mucus 21 constituted approximately 10% of D. cepedianum foregut content and 12% of epibranchial organ 22 content by dry mass. Future quantification of fish feeding selectivity and absorption efficiency 23 can use this approach to take into account the contribution of fish mucus to the nutrients in the 24 gut contents. This study supports the conclusion that suspension-feeding D. cepedianum in a 25 heterogeneous environment selectively ingest nutrient-rich particles, even when gut nutrient 26 content is adjusted to take into account the contribution of mucus. 27 28
INTRODUCTION
particles with high nutrient content. 8 Big Strike fish food pellets (Southern States Cooperative; www.southernstates.com) were 142 milled and sieved using market grade sieves with mesh no. 120 (125 µm) and no. 60 (250 µm) 143 (Dual Manufacturing Co., Inc.; www.dualmfg.com) . This process provided uniform particle sizes 144 with uniform nutritional quality. The experimental design of Sanderson et al. (1998) and 145 Sanderson & Cech (1995) was modified to maintain a homogeneous mixture of these particles 146 suspended within the aquarium. Four model PE-A submersible water pumps (150 l hˉ¹) (Little 147 Giant Pump Co.; www.lg-outdoor.com) were placed in the corners of a 110 l glass aquarium 148 containing 70 l of water. Pairs of pumps were attached to opposite ends of a perforated plastic 149 tubing. Air stones (15 cm length) were placed along the bottom of the aquarium. The pumps and 150 air stones created currents that prevented food particles from settling and maintained a 151 homogeneous distribution of particles. These currents did not alter the swimming movements of 152 the fish. Two D. cepedianum were transferred from the holding aquaria to the experimental 153 aquarium 24 h prior to the start of a trial, allowing fish to acclimate and to empty the foregut of 154 all contents. In preliminary experiments, 24 h was sufficient for complete gastric emptying. Any 155 observable feces were siphoned from the experimental aquarium prior to each trial. 156 Each trial (n = 5) began by adding 10.00 g Big Strike brand food particles (125-250 µm) min and was placed on a clean paper towel. The entire contents of the esophagus and gizzard 165 were extracted using blunt, flat forceps to lift the contents without scraping the foregut lining.
166
Foregut contents were placed in a vial containing deionized water. The entire contents of both 167 epibranchial organs, if any, were also collected and placed in a separate vial. All samples from 168 the feeding experiments were filtered onto tared 25 mm glass Whatman GF/C microfiber filters 169 (General Electric Co.; www.gelifesciences.com) for nitrogen and carbon analysis.
170
Data from four additional feeding trials using a homogeneous food source were obtained from 171 an experiment conducted with Big Strike brand food sieved to a smaller particle size of 75-125 172 µm (Heidman et al. 2012) . These data were also used in the series of equations outlined below. Samples from the mucus collection and from the feeding experiments were stored in a drying 177 oven at 60 °C for at least 24 h before dry mass was measured to the nearest 0.01 mg on an AD 6 178 microbalance (PerkinElmer, Inc.; www.perkinelmer.com). Percent nitrogen (%N) and percent 179 carbon (%C) by dry mass of each of the samples were determined with a 2400 Analyzer 180 (PerkinElmer, Inc.; www.perkinelmer.com) calibrated with an acetanilide standard (71.09 %C, 181 10.36 %N, measurement accuracy to within 5%).
182
In preliminary experiments, samples of mucus and Big Strike brand food particles were 183 placed in a muffle furnace at 450° C for 3 h to burn off organic matter. Inorganic C was then 184 measured using the elemental analyzer and subtracted from the total C yield to determine the 185 amount of organic C in each sample. Inorganic C was not detectable in mucus and represented 186 less than one standard deviation of the mean total C quantified in the Big Strike brand food 10 particles (0.7% inorganic C ± 0.2, mean ± S.D., n = 9). Therefore, inorganic C was considered to 188 be negligible in mucus and commercial food. Based on the premise that the nitrogen quantified in the contents of the foregut and 194 epibranchial organs during the feeding experiments originated from either internal mucus or food 195 particles, a series of equations was derived to permit calculation of the contribution of mucus to 196 the dry mass of foregut content (n = 9) and epibranchial organ content (n = 5) for each individual 197 fish in the feeding experiments. This approach required a uniform, homogenized food source so 198 that fish could not feed selectively on particles with a higher nutrient content.
199
In the equations below, the term "epibranchial organs" can be substituted for the term Eq. (1) defines the relationship between the dry mass of the foregut contents, food, and mucus 214 assuming the only substances found in the foregut are food and mucus:
Eq.
(2) defines the relationship between % nitrogen and dry mass of mucus, food, and foregut 217 contents:
Expanding and simplifying Eq. (3):
By setting W foregut to 100% and solving for W food in Eq. (5), W food is converted into a proportion 225 of food (% food) found in the foregut contents:
Eq. (7) can be used to find % mucus constituting the foregut contents using the value for % food 228 from Eq. (6). The figure of 100% represents the entire foregut contents based on the assumption 229 that the only substances found in the foregut during the feeding experiments are food and mucus.
230
% mucus = 100% -% food (7)
231
The approach presented above does not take into account absorption of nutrients that might 232 occur in the epibranchial organs or foregut during the feeding experiments, as data are not 12 available on such processes. Similarly, enzymes secreted in the fish alimentary tract have not 234 been included in this study but may contribute to the nutrients quantified in the gut contents.
235
Pepsin, lipase, amylase, and rennin have been documented qualitatively in the gizzard of gizzard 236 shad (Bodola, 1966), but the small amounts of material present in the esophagus and gizzard 237 have precluded quantitative assays for digestive enzyme activity (Smoot & Findlay, 2000) . Using the above equations to calculate the contribution of mucus to the nutrients in the 256 foreguts of suspension-feeding and detritivorous fishes, the ability of these species to selectively 257 ingest food particles with higher nutrient value can be assessed quantitatively. For example, were averaged within each trial and the mean was used as the percent nitrogen of the food source 283 in the above equations (N food ). This stability of the nitrogen and carbon levels in the water 284 indicates that the pumps and air stones maintained a homogeneous suspension of particles in the 285 aquarium and that the food source available to the fish was effectively uniform throughout each 286 trial.
287
As food particles are thought to be temporarily stored in the form of boluses in the 288 epibranchial organs and then transported into the esophagus by muscular action (Nelson, 1967; 289 Miller, 1969; Schmitz & Baker, 1969) , the epibranchial organs of some individuals were empty 290 when dissected in the feeding experiments. In these cases, the fish had food particles in the 291 foregut only. For this reason, the sample size for the foregut is larger than the sample size for the 292 epibranchial organs.
293
Relative to the %N of the homogeneous food source used in the feeding experiments, the %N 294 was significantly higher in the foregut (one-tailed paired t-test, t 8 = 2.07, P < 0.05) and the 295 epibranchial organs (t 4 = 8.51, P < 0.0005, Table I ). Attributing this difference in nitrogen 296 content between the external food source and internal samples to mucus, the above equations can 297 be used to calculate the contribution of mucus to the contents of the foregut and epibranchial 298 organs. In contrast, the %C in the foregut and epibranchial organs was not significantly different 299 15 from that of the food source (one-tailed paired t-tests, foregut t 7 = -1.74, epibranchial t 4 = 0.89, P 300 > 0.05, Table I ) and therefore was not used to calculate mucus contribution. The contribution of mucus to the dry mass of foregut and epibranchial organ content was 315 calculated using data from the feeding experiments with a homogeneous food source, given the 316 assumption that all nutrients in the foregut and epibranchial organs originated from either 317 internal mucus or ingested food. Since the carbon content was similar in mucus, food, foregut, 318 and epibranchial organs (above), nitrogen rather than carbon was used to calculate the 319 contribution of mucus to D. cepedianum gut contents. Based on data from the mucus collection 320 and the feeding experiments, the series of equations derived in this study was used to determine that internal mucus constituted 10.08 ± 4.46% (mean ± S.E., n = 9) of the foregut content and 322 11.76 ± 1.15% (mean ± S.E., n = 5) of the epibranchial organ content by dry mass (Fig. 2) . , 1971 ). Functional roles for these different mucins, such as antibacterial or 356 nutritive, have been proposed (Varute & Jirge, 1971) .
357
Species of cleaner fish, which remove ectoparasites from "client" fish, also ingest mucus from 358 their clients' body surfaces (Gorlick, 1980; Grutter, 1997) . The mucus from fifteen diverse 359 Barbadian fish species that are cleaned by gobies ranged from 6.1 to 11.6 %N by dry weight 360 (Arnal et al., 2001) . Similarly, the %N ranged from 6.1 to 10.9 in the mucus of fifteen 361 Mediterranean fish species that are cleaned by a wrasse species (Arnal & Morand, 2001 Mucus entrapment of particles is common in both vertebrate and invertebrate suspension 379 feeders, including fish species (Sanderson & Wassersug, 1993) . In suspension-feeding fishes, 380 particles otherwise small enough to fit through the filter pores may adhere to sticky mucus 381 (Northcott & Beveridge, 1988; Sanderson et al., 1996) . Therefore, during hydrosol filtration 382 (Rubenstein & Koehl, 1977; Shimeta & Jumars, 1991) , mucus enables suspension-feeding fishes 383 to trap particles that would be too small to be retained by a non-adhesive, dead-end sieve.
384
Distinct from hydrosol filtration, D. cepedianum and some other suspension-feeding fish 385 species capture prey using crossflow filtration, during which small food particles travel in 386 suspension parallel to the filter surface (Brainerd, 2001; Sanderson et al., 2001; Motta et al., 387 Dorosoma cepedianum feeding selectively on a heterogeneous particle distribution 630 in the laboratory. Data that exclude mucus were obtained by subtracting a 631 conservatively high estimate for the dry mass of nutrients contributed by mucus in 632 the foregut and epibranchial organs, calculated as reported in this study. 633
Continued evidence of particle selectivity in D. cepedianum was established by 634 significant differences between the % nitrogen and % carbon in the food (water 635 column and bottom of the aquarium) vs. the % nitrogen and % carbon in the 636 foregut and the epibranchial organs after mucus was excluded, mean ± S.D. (n) 637 638 639
Location % Nitrogen % Carbon
Water column 3.88 ± 0.31 (11) 29.24 ± 2.32 (11) Aquarium bottom 2.49 ± 0.28 (11) 18.55 ± 2.47 (11) Foregut (mucus included) Foregut (mucus excluded) 6.29 ± 0.87 (10) 5.31 ± 1.07 (10) 43.65 ± 10.30 (10) 43.35 ± 12.70 (10) Epibranchials (mucus included) Epibranchials (mucus excluded) 6.25 ± 0.94 (7) 5.53 ± 1.10 (7) 47.45 ± 14.66 (7) 47.38 ± 17.15 (7) P value, one-way ANOVA, mucus excluded < 0.0001 Table I,   649 using Equations 6 and 7 (mean ± S.E., foregut n = 9, epibranchial organs n = 5). 
